appears to be the most important mechanism of emission reductions, but pre-inspection maintenance and repair also contributed substantially. Benefits from removal of non-passing vehicles accounted for a small portion of total benefits. In 1999, more than 90% of all HC and CO benefits, and over 80% of all NO X benefits, were attributed to vehicles more than 10 years old, even though such vehicles represented only half of those tested in the program.
Approach
Overview. The primary benefits of Smog Check are the emissions prevented or avoided through the mechanisms of pre-inspection maintenance, repairs following failed tests, and the migration or accelerated retirement of malfunctioning vehicles. We estimated the benefits from each mechanism using a "bottom-up" approach that compares average per-vehicle emission rates of vehicles passing through the program to those that would pertain without Smog Check. The effects of Smog Check on both initial emissions and on the deterioration of emissions over a two-year cycle were considered. Emission rates were derived from an analysis of Smog Check test records contained in the Vehicle Information Database (VID) and from roadside testing performed by the BAR for the purpose of program evaluation. The number of vehicles affected by each mechanism was determined from the VID. Emissions, vehicle counts, and per-vehicle activity (fuel used) were resolved by model year.
We estimated total exhaust benefits for two years of a single cycle of California's Enhanced Smog Check program circa 1999. The effects of one cycle may persist beyond two years, but such benefits are difficult or impossible to separate from those achieved in the next cycle. Onecycle benefits are lower than cumulative program benefits since cumulative benefits include carryover from past Smog Check cycles, e.g., from vehicles that were repaired previously and maintain lower emission levels. The estimation of cumulative benefits was deemed impractical since it requires comparison to a reference fleet similar in every way to the tested fleet, but not having ever been part of an I/M program. It is also relevant to discuss the incremental benefits of the Enhanced program in comparison to those that would have been achieved if the "Basic" twospeed idle program had been continued. An analysis of this type was included in the full report to the IMRC (8) .
All of the required initial emission rates and several of the required deterioration rates were derived directly from measured Smog Check program or roadside test results. However, we were forced to make assumptions about several key parameters. Our approach is to state clearly where assumptions were needed, which assumptions were made for our "best" estimate, and to indicate the sensitivity of our results to the assumed parameter through the calculation of "high" and "low" benefits estimates.
Our analysis is designed to account for two important factors not captured by a simple comparison of initial and final Smog Check test results. The latter compares only the step change in emission rates at the time of the Smog Check test, whereas it is the total mass emissions of vehicles over time that is of interest for pollution control. Our approach considers how Smog Check alters deterioration patterns for repaired vehicles and the effect that reduced deterioration can have on the total emission reductions achieved over a two-year cycle. The data were screened for invalid emissions or vehicle identification data; very few bad records were detected.
Limited on-road remote sensing data were also collected for use in the Smog Check program analysis, consisting of measurements for approximately 150,000 vehicles at sites in Sacramento, San Jose, and Los Angeles. Our use of these data for the analysis reported here was limited to an investigation of the number of no-final-pass vehicles that remain on the road indefinitely; additional analysis of these data is presented in (8) .
Smog Check emission results were used to calculate fuel-based mass emission rates for each vehicle test. Conversion to mass emission rates was necessary for the estimation of total mass emission reductions. The calculation, described in detail elsewhere (8, 14, 15) uses a carbon balance to relate reported pollutant exhaust concentrations (ppm HC, ppm NO X , %CO, %CO 2 ) to the total carbon content of the fuel. Typical fuel properties were used to normalize emissions to fuel consumption. Gram-per-gallon emission factors were calculated for both ASM modes. This paper focuses on results from the "ASM-2525" mode, in which vehicles are driven at 25 mph at 25% of the maximum load of the Federal Test Procedure.
Multi-Cycle Analysis. The multi-cycle data were analyzed to quantify the selection bias effect and to determine deterioration rates for vehicles after they pass through the Smog Check program. We analyzed the fail-pass fleet separately from the initial-pass fleet. For each group, average emissions were analyzed as a function of time between Smog Check cycles. Full details and results of the multi-cycle analysis are provided in the full report to the IMRC (8) . Key results relevant to this study are described here. Critically, we found that 20% of the fail-pass vehicles in the multi-cycle fleet failed the initial test of a subsequent Smog Check cycle that occurred within two months; this approximate failure rate persisted for vehicles tested up to 10 months later and rose to only 25% for fail-pass vehicles tested again after 13 months. Average emissions of failpass vehicles were substantially higher on the initial test of the next cycle than they were on the final passing test of the previous cycle, as shown in Figure 1 . These results occur largely from emission variability but other factors may contribute (8, 11, 16) . For the initial-pass fleet, HC and CO emissions measured on the first test of the second cycle were higher than those measured in the initial passing test of the earlier cycle; the discrepancy increased with time between cycles.
In contrast, NO X emissions were consistently similar or slightly lower than those measured on the first cycle for more than a year between tests. Using the data for initial-pass vehicles, a deterioration factor over the first year (centered around 6 months) was calculated by comparing average initial emissions measured on a second Smog Check to those from a previous Smog 6 Check that occurred 1-12 months prior. Deterioration factors were averaged for model years 1974-1980 and assumed to be 1.0 for NO X (Table S1 , Supporting Information). The time-series data indicate a linear deterioration for initial-pass vehicles over ~1 year, with a leveling off in months11-13 (8) . The deterioration factor was projected to 12 months to calculate emission levels in the second year of an I/M cycle. Use of the deterioration factors is described below.
Calculating Benefits. The benefits associated with each of the three processes were calculated as the emissions difference induced by Smog Check multiplied by the number of vehicles affected and an estimated per-vehicle activity over two years. Initial emissions and deterioration factors were estimated both for Smog Check and No Smog Check cases so that a difference could be calculated over time. The number of vehicles affected was determined directly from the 11 months of Phase 3 VID data, scaled to a two-year test cycle, and scaled again to account for the 5% of VID records with bad data formats. All-wheel drive vehicles that received two-speed idle tests because they could not be operated on the dynamometer were given the same credit as vehicles tested by ASM in the "best" and "high" benefits estimates, but no credit is given to them in the "low" estimate. These vehicles are assumed to have no NO X benefits in any of the estimates because the idle test does not measure NO X . Vehicle activity was calculated using model-year average fuel economy estimates provided by CARB (Table S2 Pre-inspection benefits were calculated through MY 1989. For MY 1990 and newer vehicles, differences between the roadside and VID data were small for CO and NO X and HC 7 emissions were consistently higher when measured at roadside (Figure 2 ). Inclusion of these data would indicate a pre-inspection HC disbenefit for newer vehicles, a possible but improbable result. Rather, we suspect that differences in HC emissions for MY 1990 and newer vehicles results because some were allowed to fast-pass the official Smog Check test in the VID, while all were given a full ASM test at the roadside. For properly functioning vehicles that are not fully warmed up at the start of their Smog Check tests, emissions will decrease as the test progresses and full-test emissions will be lower than the first 10 consecutive seconds measured below the standard. It follows that average VID emissions for all model years might be lower if vehicles received the full ASM test. This in turn suggests that we may be understating the effect of preinspection repairs across the board. Figure 2 shows average emissions for all vehicles participating in Smog Check, not just the portion that received pre-inspection repairs. These emission differences were assumed to apply across the initial-pass fleet with the assumption that deterioration after pre-inspection repairs is the same as it would have been without them. This is a highly uncertain assumption as there are no data with which to evaluate it. Vehicles that actually received pre-inspection maintenance and repairs experienced average emission reductions much larger than those indicated by Check without lasting repairs, fraudulent VID test results, or bias in the roadside sample. We assume that 75% of the emission differences result from actual pre-inspection maintenance and repairs (best estimate). Our low and high estimates attribute 50% or 100% of the apparent differences to be real reductions. The reasoning is that pre-conditioning and test fraud are known to occur but not to be so widespread.
Post-failure repair. Emission reductions resulting from post-failure repair were estimated primarily from the multi-cycle data and analysis. The assumptions used in our best (dashed lines), low (solid lines), and high (dotted lines) estimates are shown for MY 1985 vehicles in Figure 3 . In all three estimates, initial after-repair emissions of the fail-pass fleet were estimated from the initial test of the second cycle for the multi-cycle fleet, rather than from the final passing result of the first cycle, to account for selection bias (from 31 to 19 g/gal in Figure 3 ; see Table S4 , Supporting Information). Analysis of the multi-cycle data demonstrated that after an initial increase following their first Smog Check cycle, emissions of fail-pass vehicles remained relatively constant for the next 12 months (8); emissions of fail-pass vehicles are thus known to be approximately constant for a year following the passing test (no deterioration). For the second year of the cycle, our best estimate assumption was that fail-pass vehicles deteriorate at the same rate that initial pass (multi-cycle) vehicles deteriorate following their initial cycle (from 19 to 23 g/gal in Figure 3 ; see Table S1 , Supporting Information). Our high benefit estimate assumed no deterioration of fail-pass vehicle emissions in year 2, while our low estimate assumed deterioration back to initial test emission levels by the end of year 2 (from 19 to 31 g/gal in Figure 3 ).
Next we estimated the two-year emission profile that fail-pass vehicles would experience without the Smog Check program. We used the initial, failing emissions test results of the multicycle, fail-pass fleet as a starting point for all fail-pass vehicles, and made assumptions about deterioration. For our best estimate, we assumed that the emissions of these vehicles would reach the level of the no-final-pass fleet (55 g/gal in Figure 3 ) by the end of the two-year period. We assumed a stable average emission rate (no deterioration) for our low estimate. For the high estimate, emissions were assumed to reach no-final-pass levels in one year then remain constant through the second year. The number of fail-pass vehicles was determined directly from the VID.
The areas A and B in Figure 3 demonstrate the low estimate of post-failure repair, areas A through E demonstrate the best estimate, and areas A through H demonstrate the high estimate.
Removal of no-final-pass vehicles. Calculating the effect of vehicle retirement/migration requires estimates of the number of vehicles affected, a two-year emission profile for vehicles that are removed, and an emission profile for the replacement vehicles. Emissions of no-finalpass vehicles were assumed to remain constant in the absence of Smog Check. In the best and high benefits estimates, replacement vehicles were assumed to have initial emissions of the initial-pass fleet, and to deteriorate over both years at the rate of the initial-pass fleet. In the best estimate, we assumed replacement of the same age, while in the high estimate we assumed replacement vehicles were 5 years newer. The low estimate assumed replacement by same-age vehicles from the fail-pass fleet, using emissions from the initial test of the second cycle from the multi-cycle data. These vehicles were assumed to have stable emissions over year 1 -which is consistent with multi-cycle results -and to deteriorate to no-final-pass levels over the course of the second year in the low estimate.
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As mentioned previously, the overall no-final-pass rate was 1.3% of the vehicles (or 10% of the failed vehicles) tested during the first 2 months of Phase 3 cut points. To the extent that some vehicles passed at a later time (>10-12 months later), this could be an overestimate of the nofinal-pass rate. Nevertheless, we used the same approach to calculate a no-final-pass rate for each model year. The no-final-pass rate increased by vehicle age, from ~5% for 1990 and newer vehicles to over 17% for 1982 and older vehicles. Analysis of data from an on-road remote sensing study suggests that about one-third of the no-final-pass vehicles were still being driven in Enhanced areas one year after their last failing Smog Check (8) . We therefore estimated the total number of removed vehicles as two-thirds of the no-final-pass fleet from the VID during Phase 3 testing, scaled up to a full two-year Smog Check cycle (see Table S5 , Supporting Information).
Benefits were calculated as if removal occurred at the beginning of the two-year cycle, i.e. after the initial failing test, even though removal likely took some time. The number of no-final-pass vehicles included those receiving two-speed idle tests with an adjustment for bad records.
Total baseline emissions. As a reference point for the estimated emission reductions, we calculated baseline running exhaust emissions for the fleet of vehicles participating in Smog
Check over a two-year cycle. Starting with emissions measured during the roadside testing, we assumed that in the absence of Smog Check the fleet would deteriorate at the rate of initial-pass vehicles, as determined from the multi-cycle analysis. Emission rates (g/gal) over the first year were calculated by model year as the product of the measured roadside emission rate (Table S3, Supporting Information) and a deterioration factor to calculate emission levels at 6 months (Table S1 , Supporting Information). Emission rates for the second year were calculated using a deterioration factor for 12 months, i.e. assuming that the vehicles would deteriorate to this level over the first year then maintain stable emissions during the second year. The number of vehicles affected by the program was calculated as the sum of the initial-pass, fail-pass, and no-final-pass groups.
Results
Importance of selection bias. Selection bias affected but did not dominate the change in HC and Table 1 .
These results suggest that repair of vehicles that fail their initial official Smog Check likely accounts for the largest fraction of benefits (50% to 65%, depending on pollutant), but that maintenance and repair prior to official tests and pre-tests also contributes a large fraction of total benefits (30% to 40%). Removal from Enhanced areas of vehicles that fail initially but never pass appears to contribute much less to total benefits, about 5% to 10%. Overall, the estimated reductions represent a substantial fraction of the emissions that would have occurred from these vehicles in the absence of Smog Check: CO was reduced by one-third, HC by onefourth and NO X by one-seventh. The "efficiency" of testing vehicles from each model year is shown implicitly in Figure 7 , and explicitly in Figure 8 . Figure 7 indicates, for example, that 83% of estimated NO X benefits, 93% of estimated CO benefits, and 91% of estimated HC benefits are obtained from only the oldest 54% of the vehicles currently eligible for testing (model years 1989 and older). The roadside data were a valuable complement to the VID. They were used to estimate preinspection benefits that could not be assessed with VID data only, and to calculate total baseline emissions. Roadside data are not subject to the measurement biases of fast-pass and technician behavior, but the sample of vehicles tested may not accurately represent the population of vehicles participating in California's Enhanced program. The number of vehicles tested was somewhat problematic when attempting to deconstruct the fleet, e.g. for model-year specific analyses, and potential sampling biases were revealed when the roadside data were used independently to estimate Smog Check program benefits (see reference 8).
ASM vs. on-road. Both the VID and roadside emissions data were measured using the steady-load ASM test. The mass emission reductions and baseline emission totals are thus ASMbased estimates. To the extent that vehicle emissions on the ASM are correlated to those that occur during typical on-road transient driving, the calculated mass emission reductions will also correlate to real-world values, though likely not on a one-to-one basis. ASM emission test results have been statistically related to emission results from the same vehicles tested on the Federal Test Procedure (17) . Correlations were also observed between ASM test results and remote sensing measurements of the same sample of vehicles, grouped by model year (8) . In studies of emissions variability by driving mode (14, 15) , mild to moderate loads similar to that encountered on the ASM generally result in HC, CO and NO X emissions that are lower than those encountered at higher loads. Under lower loads and decelerations, HC is typically higher and NO X is lower than at ASM-type loads. Thus, to the extent that Smog Check has induced successful repairs, as indicated by reductions in ASM emissions, the actual mass emission reductions across the full range of on-road driving could be even higher than those shown in Table 1 ; under this scenario baseline emissions would also be higher and the percent reductions might differ.
An alternate possibility is that observed emission reductions on the ASM test are not fully applicable to other driving conditions. A preliminary analysis of the limited remote sensing data collected in support of this study indicated much smaller emission reductions during some onroad driving than were seen from the VID and roadside ASM data (8) .
Comparison to other studies. It is desirable to compare the results of our analysis to those of other I/M programs. However, direct comparisons may be misleading since our approach is fundamentally different than those that have been used in the past. One such study used remote sensing to estimate percentage emission reductions achieved during the first year of Colorado's Enhanced I/M program (18, 19) . The authors compared emissions of odd model year vehicles that had been tested during the initial year of the program to even model year vehicles that had not been tested. A statistically significant but very small benefit (<10%) was seen for CO and no difference was discernible for HC or NO X . A similar study in Chicago found a similar percentage reduction in CO, but a 14% reduction in HC (20) . An analysis of the Phoenix I/M program used large number of remote sensing measurements to calculate a 7% reduction in fleet-average CO emissions during three-month periods before versus after a vehicle's I/M test (there are questions regarding the accuracy of the HC measurements, and NO X was not measured) (21) . This analysis also found a substantial reduction in remote sensing CO emissions within 3 weeks prior to the initial I/M test, presumably due to pre-inspection maintenance and repair.
The Phoenix study also compared initial and final I/M test results and found reductions of ~13% for HC and CO, and 6% for NO X . These estimates assumed that all no-final-pass vehicles Caveats. The ranges shown in Table 1 reflect our estimate of the uncertainty in specific assumptions, e.g. the rate of fleet deterioration that would occur without Smog Check. The following additional uncertainties could not be quantitatively evaluated.
• Deterioration in the overall fleet may not be the same as in the multi-cycle fleet, even though first cycle model-year resolved initial emissions of the multi-cycle fleet were the same or slightly lower than emissions of the overall fleet (8).
• Some emission reductions attributed to Smog Check may result from maintenance and repairs that would have occurred without the I/M program.
• Vehicles receiving two-speed idle tests may not achieve the same emission reductions as those tested on the ASM.
• The estimate of repair benefits accounts for selection bias in the after-repair emissions of failpass vehicles, but not for selection bias in the initial, failing emissions test. This effect is examined in (8) .
• Benefits may be lower than predicted because of delays in vehicle repair or removal following a failed Smog Check.
• Fleet turnover will reduce emissions in parallel to the Smog Check program.
• Calculated benefits by model year are sensitive to estimated fuel-economy and annual travel.
This study was intended both as a demonstration of a novel approach for I/M evaluation and as an analysis of California's Enhanced I/M program. The method itself is valuable for several reasons. First, it allows for an assessment of benefits from pre-inspection repairs, which were shown to be substantial in California. Second, the method explicitly estimates mass emission reductions over time. Improving on methods that focus only on the step change in emissions that are induced by I/M testing, our method accounts for the apparently substantial effects that I/M can have by lowering deterioration rates of repaired vehicles. Third, the method accounts for the effect of selection bias when estimating emission reductions from I/M test data.
Additionally, the method provides policy-relevant information on the relative importance of the mechanisms through which I/M programs reduce emissions. For example, in the case of California's Smog Check program, the forced retirement of vehicles that did not pass contributed only a small portion of the total benefits. This result indicates that tracking down those vehicles that remain in the area after failing to pass an I/M test may be desirable from an equity perspective, but the potential emission reductions are relatively small. The analysis of emission benefits by model year also provides potentially valuable policy insights for California. Testing of vehicles that were 5-10 years old appears to be relatively inefficient whereas testing and repair of older vehicles appears to be highly efficient. This type of analysis could be used as a basis for extending the I/M grace period for newer vehicles or extending the testing requirements to older vehicles. 
